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ABSTRACT

Estimating the post-mortem interval (PMI) of human remains
based on the histomorphology of dental pulp parameters is
promising, but available evidence is scarce and sometimes
contradictory without a scientific model.

The aim of the study is to characterise the histomorphological
changes of dental pulp associated with the decomposition of
human remains by a qualitative and quantitative approach. The
main aim is to establish a correlation based on post-mortem
(PM) dental pulp histomorphology and the PMI, and whether
pulp degradation could be an available medico-legal tool for PMI
estimation beyond the first week after death (late PMI).

The eligible sample consisted of 27 sound teeth from 16 healthy
patients aged 16 to 72 years due to orthodontic or oral surgery
treatment, to create PMI’s simulating the death of the subject as
the time elapsed from tooth avulsion. Data collected from
patients (sex, date of birth, tooth position, date and hour of the
avulsion, date and hour of pulp extraction) were anonymised in
accordance with the requirements of Faculty of Dental Medicine
of the University of Lisbon.

The sample was divided into 9 groups of 3 teeth according to
different PMI sets from To (baseline) up to 2 weeks (To, 7, 12,
24, 36, 48, and 72 hours, 1 and 2 weeks). All the dental samples
were stored at room temperature up to the time of pulp
extraction and then prepared with haematoxylin and eosin stain.
High-resolution microscopy was performed to obtain
histological images. An operator performed the qualitative
evaluation of blood vessels, collagen fibres, and the extra-cellular
matrix (ECM) in PM pulps and measured the variation in cells/
nuclei density by counting 6 different ROIs (Regions of Interest)
for each pulp manually and automatically (quantitative analysis).
Qualitative results showed that the degeneration of dental pulp
appears 7 hours after death but histological changes in vessels,
tibres, and ECM in PM dental pulp are characterised by high
variability, consequently it is not possible to generalise the results
for early PMIs. Quantitative measurements proved that cell
count cannot be standardised due to the presence of
superimposed layers of cells and nuclei fragmentation.
Odontoblasts did not demonstrate evidence of cellular or
nuclear lysis up to 14 PM suggesting their applicability in late
PMIs.

Future research will focus on late PMIs and different techniques
of tooth preparation.
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INTRODUCTION

A reliable estimation of the post-mortem interval
(PMI) is an important step in forensic
investigations since criminal justice requires the
charge to be proven beyond reasonable doubt.
The most common tool for early PMI estimation
(from 3 to 72 hours after death) is the algorithmic
combination of different parameters (in
particular, body-environmental temperatures)
through the so-called “compound method”. One
crucial limitation of this technique is that it
cannot be applied to longer PMIs, with
measurement errors generally in months, since
they are based on decomposition stages (fresh,
early and advanced decomposition,
skeletonisation, and extreme decomposition) {1}
In particular, it has been observed that
macroscopic/morphological modifications of
skeleton, teeth, or soft tissues provide less
reliable PMI estimates due to highly variable
individual influences, even under the same
environmental conditions. Nevertheless, they are
useful for other identification investigations, such
as age estimation or sex classification {2-9].
Currently, alternative methods are focused on
post-mortem (PM) biochemical or histological
changes {10-231. One of the most stable matrices
for estimating the time elapsed since death from
early to late PMIs appears to be dental pulp,
which is protected from damaging factors (such
as heat, bacteria, UV light, and moisture) by the
hard tissues of the tooth {24-26}. Despite having
great resistance, teeth  undergo
histomorphological changes due to physical-
chemical factors related to the absence of
physiological regulation of metabolic processes,
ischemia, putrefaction, and bacterial and fungal
proliferation {27-361.

It has been observed that as time elapses after
death, odontoblasts cluster and detach from
dentine, collagen fibres and nuclei of
odontoblasts, fibroblasts, endothelial and
immunity cells, and stromal cells decrease in
density, and the extra-cellular matrix (ECM)
degenerates into a vacuolated and contracted
tissue {30-36]. Nevertheless, the rate of
degeneration and its correlation with the PMI is
not clearly defined. Some authors describe
changes that occur in the first hours after death
up to an almost complete disappearance of fibres
and cells in a week PM {30, 32-33]; other studies
report the persistence of collagen fibres and cells
up to 6 months post-mortem and complete
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destruction of the ECM 2 years after death
[34-361.

Previous studies on human teeth that verify
dental pulp’s histomorphological changes
correlated with the time elapsed since death
provide a rationale for developing a tool for
estimating PMI based on teeth, however, it is
challenging with limited results, and a scientific
model is still missing. Therefore, the aim of the
study is to verify which qualitative and
quantitative dental pulp changes are significant
for the correlation with PMI and whether pulp
degradation could be a reliable forensic technique
beyond the first week after death (late PMIs).
Pilot research was developed to standardise the
study method for both qualitative and
quantitative PM dental pulp changes.

OBJECTIVES OF THE PILOT STUDY

Qualitative analysis

Qualitative analysis consisted of the

identification and description of morphological

structures of PM pulp to answer experimental

hypotheses, noted in previous literature {30-36}:

1. The dilatation of vessels observed in the
dental pulp as a dental element in the medico-
legal estimation of the PMI:

Ho: The dilatation of vessels is not
significantly different over time after death;
Hr1: The dilatation of vessels is significantly
different over time after death.

2. The rate of homogenisation of collagen fibres
observed in the dental pulp is as follows:

Ho: The homogenisation of collagen fibres is
not significantly different over time after
death;

Hi: The homogenisation of collagen fibres is
significantly different over time after death.

3. The vacuolation of the ECM of dental pulp is

as follows:
Ho: The tissue vacuolation is not significantly
different over time after death;
Hr: The tissue vacuolation is significantly
different over time after death.

Quantitative analysis

Quantitative analysis consisted of the
measurement of cell density as nuclei count/ROI
area {30-36}. More specifically cell density was
measured by the variation in the density of
fibroblasts, immune and endothelial cells, and
odontoblasts (odontoblast layer), as follows:
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Ho: The cell density of the dental pulp is not
significantly different over time after death;
Hi: The cell density of the dental pulp is
significantly different over time after death.

MATERIALS AND METHODS

Sample collection and storage

Sound teeth from different people who
underwent dental surgery for clinical reasons (e.g.
orthodontics, impacted tooth, etc) were collected
from two medical centres: the Faculty of Dental
Medicine and Faculty of Medicine of the
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University of Lisbon (ULisboa). The following
inclusion/exclusion criteria were considered:
Inclusion criteria: permanent, complete, and sound
tooth (both single- and multi-rooted).

Exclusion criteria: hard tissue pathology (e.g. caries),
restorative treatment (e.g. filling, endodontic,
prosthetic), periodontal pathology, severe wear,
incomplete root formation, deciduous teeth.

A total of 27 sound teeth were collected from 16
healthy patients aged 16 to 72 years. Information
about the sample and the time of tooth/pulp
extraction was recorded in the Dataset figured in
Table 1.

Table 1. Dataset of the sample and time of tooth/pulp extraction

Sample Time of death Pulp fixed in formalin

1D Tooth | Sex | Date of Age Date of tooth Hour of tooth | Date of pulp | Hour of pulp | PMI

Code birth (year) | extraction extraction extraction extraction
I 35 M | 22.06.1976 46 19.04.2023 12:00 20.04.2023 II:50 24 h
2 24 M | 08.02.2000 23 20.04.2023 15:50 21.04.2023 16:12 24 h
3 34 M | 08.02.2000 23 20.04.2023 16:05 21.04.2023 16:44 24h
4 18 F 07.06.1998 24 26.04.2023 15:30 28.04.2023 16:0§ 48 h
5 25 M | 29.04.2007 16 04.05.2023 I1:45 04.05.2023 18:43 7h
6 35 M | 29.04.2007 16 04.05.2023 12:09 04.05.2023 19:09 7h

18 F 08.02.2003 20 12.05.2023 11:30 12.05.2023 I1:50 oh

8 48 F 08.02.2023 20 12.05.2023 IL.45 12.05.2023 12.0§ oh
9 45 M | 29.04.2007 16 18.05.2023 12:10 2§.05.2023 12:13 7d
10 17 M 26.10.2001 21 24.05.2023 15:30 26.05.2023 16:10 48h
I 2§ F 09.04.2002 21 31.05.2023 9:20 03.06.2023 9:18 72h
12 47 M | 02.09.1962 61 02.06.2023 10:49 05.06.2023 11:00 72 h
13 15 M | 29.04.2007 16 24.05.2023 11:16 07.06.2023 I1:00 14d
14 38 F 13.10.1952 72 31.05.2023 16:00 07.06.2023 16:15 72 h
15 35 M | 25.02.2004 19 31.05.2023 9:38 14.06.2023 09:42 14d
16 45 F 24.11.2004 18 21.06.2023 9:35 28.06.2023 9:40 7d
17 15 F 24.I1.2004 18 21.06.2023 10:03 28.06.2023 10:05 7d
18 2§ M | 30.06.2001 21 21.06.2023 11:41 05.07.2023 I1:41 14d
19 18 M | 20.03.2005 18 06.07.2023 09:32 07.07.2023 09:35 36 h
20 45 F 07.07.1998 25 12.07.2023 10:24 12.07.2023 17:25 7h
21 15 F 07.07.1998 25 12.07.2023 9:47 12.07.2023 21:45 12h
22 35 F 07.07.1998 25 13.07.2023 9:44 13.07.2023 21:44 12h
23 14 F 26.07.2001 21 12.07.2023 11:45 14.07.2023 11:45 48h
24 2§ F 07.07.1998 25 13.07.2023 10:04 14.07.2023 22:04 36 h
25 38 M | 06.04.200§ 18 26.07.2023 9:45 26.07.2023 10:45 oh
26 48 M | 06.04.2005 18 26.07.2023 9:45 26.07.2023 21:4§ 12h
27 18 M | 06.04.2005 18 26.07.2023 9:45 27.07.2023 21:45 36 h
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The period of sample storage included spring and
summer seasons with an average recorded
temperature of 22°C (range of 20-24°C) for the
months of April and May, and of 27.5°C (range of
26-29°C) for the months of June and July.

The sample size considered 3 teeth in each PMI
set, for a total of 9 PMI sets from To (baseline)
up to 2 weeks.

All the data collected from the patients was
processed in compliance with European Union
law (General Data Protection Regulation -
GDPR) and in accordance with the requirements
of the Faculty of Dental Medicine of the
University of Lisbon: a progressive numerical
code was associated with each anonymous dental
sample.

Tooth avulsion was assumed as the time of death
of the patient since the extraction interrupts the
blood perfusion of the dental pulp, and the PMI
was considered as the time elapsed between
tooth avulsion and the pulp extraction and
fixation.

Teeth from clinical cases were selected, rather
than those from forensic cases, to achieve known
PMIs, as opposed to an estimated time of death.
Immediately after avulsion, teeth were placed in
sterilisation pouches, labelled with sample data:
the registered information for each patient
included sex, date of birth, tooth position, date
and hour of avulsion, and date and hour of pulp
extraction (PMI). All samples were stored at
room temperature recorded by a thermometer up
to the established PMI to simulate real corpse
conservation during time after death.

PMs set and Pulp extraction

The sample was divided into 9 groups of 3 teeth

according to the established PMI:

* Group 1: PMI To - pulp immediately after
tooth extraction

* Group 2: PMI 7 hours — pulp 7 hours after
tooth extraction - within which the
intraocular pressure decreases drastically and
stabilises after death {1} and histological
examination of the skin shows no
morphological changes {3}

* Group 3: PMI 12 hours - pulp 12 hours after
tooth extraction - stability phase of rigor
mortis {3-41

* Group 4: PMI 24 hours - pulp 24 hours after
tooth extraction - stability phase of rigor
mortis {3-41
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* Group §: PMI 36 hours - pulp 36 hours after
tooth extraction - from the first day PM until
the third day PM, the investigations are
performed every 12 hours to study the gradual
degradation of the pulp

* Group 6: PMI 48 hours - pulp 48 hours after
tooth extraction

* Group 7: PMI 72 hours - pulp 72 hours after
tooth extraction

*  Group 8: PMI 7 days - pulp 7 days after tooth
extraction - to verify the availability of PM
dental factors for intermediate PMIs up to 1
and 2 weeks after death (3 teeth)

* Group 9: PMI 14 days - pulp 14 days after
tooth extraction.

At the time of pulp extraction, each tooth was
rinsed with a 70% alcohol solution and the aid of
sterile gauze.

The tooth is then positioned with the crown
securely stabilised inside a clamp and a horizontal
cut is made to separate the crown from the root
with a flame diamond bur under an abundant jet
of water at the height of the furcation for multi-
rooted teeth and about 2 mm below the
cementum-enamel junction for single-rooted
teeth.

Once the crown is separated from the root/roots,
the floor of the pulp chamber is worn down until
the pulp is completely exposed, with the diamond
bur under abundant cold water. The coronal pulp
was carefully separated from the chamber walls
with a thin probe and then delicately pulled out
from the coronal chamber with tweezers.

Only the coronal pulp was selected for this study.
Once extracted, the entire chamber pulp
fragment was immersed in the fixative liquid for
standard histology (10% neutral buffered formalin
- NBF).

Histological processing and stain of soft tissues
{Haematoxilin/Eosin stain]
The histological preparation procedure for dental
soft tissue followed the protocol applied by the
Laboratory of Histomorphology from the Faculty
of Dental Medicine of the University of Lisbon
and consisted of the following phases:
dehydration, clearance, fixation, impregnation,
inclusion, microtomy, expansion, adhesion,
staining, and assembly:
- The dehydration phase: sequential application
of ethanol application to 70%, to 96%, and to
100%.
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- The dehydration solution was replaced by a
solvent for a means of inclusion (e.g. Xylol,
Chloroform, Toluene, Benzene) since the
specimens became transparent (clearance).

- The samples were included in paraffin and the
inclusion was oriented according to the
structure of pulp tissues (lengthwise), thus the
major axis of the sample is parallel to the cut
area of the parafhin block.

- Once solidified, cuts of 2/3 microns thick were
made. Only sound sections were considered.

- The sections were then placed, first in cold
water and then in hot water. This phase
needed a black background to ease the
visibility of the pulp sections and their
positioning on the slides.

- The adhesion of the pulp sections to the slides
took place in an incubator set at 58-59 “C to
liquefy the paraffin and complete the
adhesion.

- For histological staining, the procedure
followed a de-paraffinisation/de-waxing with
xylene, hydration with ethanol from 100%, to
96%, and to 70%, then a stain with
Haematoxilina de Harris, a differentiation
with hydrochloric acid at 1%, and a wash with
water. Subsequently, the slides were coloured
with eosin, dehydrated with ethanol at 96%
and then at 100%. After a clarification with
xylene, the assembly was performed with
synthetic resin entellan which completes the
adhesion of the section to the slide.

High Resolution Microscopy

Each slide was scanned and acquired with Aperio

GT 450 DX Digital Slide Scanner (Leica

Biosystems) at the Faculty of Medicine, Institute

of Pathological Anatomy of the University of

Lisbon.

High resolution images of the entire pulp section

were used by the operator to:

- describe qualitative characteristic of PM pulp

- select two different kinds of ROIs (regions of
interest), at the same magnification (40x) but
with a larger area {249480 pm? area} and
smaller {3180 pm? areal, for each section’s
nuclei count

To find the most reliable and repeatable method

to calculate cell density, 6 different ROIs at

magnification of 40X for each slide were

selected: 3 larger {249480 pm? areal and 3 smaller

{3180 pm? area} including 1 region of the

odontoblast layer and 2 regions of cell rich layer,
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fibres, vessels, and ECM. Larger and smaller
ROIs were considered separately:.

The nuclei count was conducted both manually
by the operator and automatically using Fiji
Image] software (free open source, accessible and
downloadable from https://imagej.net/software/
fiji/downloads).

To reduce the risk of measurement error within
the same slide, the average nuclei count was
calculated on 3 different ROIs (both on smaller
and larger areas of selection). To reduce the risk
of error within the same PMI set, cell density was
obtained as the mean of the 3 teeth (PMI
groups).

Statistical Analysis

Cohen's Kappa (n) statistic was applied to
calculate the intra-rater and interrater reliability
of the quantitative analyses. 3 PMI groups (To, 7
days, and 14 days) were selected for the intra-
rater agreement, conducted by the same operator
15 days after the first measure, and for the inter-
rater agreement, conducted blind by another
operator.

RESULTS

Qualitative results

A summary of the most significant histological
features at PMI To (baseline), 7h, 12h, 24 h, 36h,
48h, 72h, 7 days, 14 days is recorded in Table 2.

Quantitative results

According to Cohen's Kappa (#) statistic, the
intra-rater agreement values for both the smaller
and larger ROIs were almost 1.

The interrater agreement values for the larger
ROIs count and density measurement were 0.892
and 0.758 respectively, for the smaller ROIs count
and density measurement were 0.931 and 0.957,
respectively.

Manual cell counts and density measurements for
each PMI calculated on the larger ROIs are
recorded in Figures 1 and 2 respectively, on the
smaller ROIs in Figures 3 and 4 respectively.
Automatic cell counts and density measurements
calculated on the larger ROIs are shown in
Figures 5 and 6 respectively, on the smaller ROIs
in Figures 7 and 8 respectively.

According to the different methods of count,
nuclei density calculated manually considered as
unit of measurement the Square Micrometer
(um?) and the area included was the same for each
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ROI, whilst the method calculated by automatic
software considered Pixels and the automatic

Vol 42 n. 2 - Aug - 2024

setting (the standard proposed by the software as the
best fitting) considered different areas for each ROI.

Table 2. Summary of the most significant histological characteristics of dental pulp at PMI To
(baseline), 7h, 12h, 24 h, 36h, 48h, 72h, 7 days, 14 days

PMI

Stain Haematoxilin/Eosin

Histological features

To
(baseline)

Homogeneous distribution of
extracellular matrix without
vacuolisation;

Well represented odontoblasts
with homogeneous distribution
and stratification of nuclei within
the odontoblast layer;

Well represented different cell
types with circular, ovoid, and
elongated shaped nuclei;

Well conserved endothelial cells
of blood vessels;

Well conserved nerve cells.

7h

Extracellular matrix disaggregated
with vacuolisation areas;

Well conserved circular, ovoid,
and elongated shaped nuclei,
endothelial cells of blood vessels,
and nerves distributed among the
degenerative areas;

Well represented odontoblasts
with homogeneous distribution
and stratification of nuclei within
the odontoblast layer.
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1zh

@

Different stages of extracellular matrix
degeneration:

Panel A: homogeneous distribution
of extracellular matrix without
vacuolisation;

Panel B: extracellular matrix with
localised disaggregated and
vacuolised areas;

Panel C: extracellular matrix with
massive disaggregated and vacuolised
areas;

All three samples: well conserved
circular, ovoid, and elongated shaped
nuclei, endothelial cells of blood
vessels, and nerves, and well
represented odontoblasts with
homogeneous distribution and
stratification of nuclei within the
odontoblast layer.

24h

Different stages of extracellular
matrix degeneration:

Panel A: extracellular matrix with
massive disaggregated and
vacuolised areas;

Panel B-C: homogeneous
distribution of extracellular
matrix without vacuolisation;

All three samples: well conserved
circular, ovoid, and elongated
shaped nuclei, endothelial cells of
blood vessels, and nerves, and well
represented odontoblasts with
homogeneous distribution and
stratification of nuclei within the
odontoblast layer.

36h

Different stages of extracellular
matrix degeneration:

Panel A-B: extracellular matrix
with massive disaggregated and
vacuolised areas;

Panel C: homogeneous
distribution of extracellular
matrix without vacuolisation;

All three samples: well conserved
circular, ovoid, and elongated
shaped nuclei, endothelial cells of
blood vessels, and nerves, and well
represented odontoblasts with
homogeneous distribution and
stratification of nuclei within the
odontoblast layer.
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A o7 Different stages of extracellular
: matrix degeneration but degenerative

: tissue is well represented in samples:

* Panel A: extracellular matrix with
localised disaggregated and
vacuolised areas, conserved
circular, ovoid, and elongated

Fa = shaped nuclei, blood vessels, and

48h = = d nerves, and represented

: oo odontoblasts with homogeneous

; b distribution and stratification of

; nuclei within the odontoblast

&, ; layer;

50 Sl * Panel B: extracellular matrix with

: massive disaggregated and

vacuolised areas. All structures

(nuclei, odontoblast layer, vessels,

and nerves) are visible.

* Extracellular matrix with several
disaggregated and vacuolised
areas;

* Still represented cells with not
defined nuclei morphology;

+ Still represented odontoblasts
with homogeneous distribution
and stratification of nuclei within
the odontoblast layer;

+ Still present and well recognisable
blood vessels and nerves
morphology.

72h

Different stages of extracellular matrix

D N degeneration:

e * Panel A: extracellular matrix with

ol 7= = massive disaggregated and

S B Rt vacuolised areas;

. * Panel B: homogeneous distribution

S of extracellular matrix without

- significant signs of vacuolisation;

* All three samples: all structures
(cells, vessels, and nerves) are visible
but not defined nuclei morphology,

irregular and wide vascular lumen,

- less defined morphology of nerve

f (% cells;

# * Still well represented odontoblasts

— with homogeneous distribution and

stratification within the odontoblast

layer and cytoplasmic extensions,
but irregular morphology of nuclei.

7d
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Different stages of extracellular matrix

degeneration:

* Panel A: extracellular matrix with
massive disaggregated and
vacuolised areas;

* Panel B: homogeneous distribution
of extracellular matrix without
significant signs of vacuolisation;

* All three samples: all structures
(cells, vessels, and nerves) are
visible but not defined nuclei
morphology, irregular and wide
vascular lumen, less defined

morphology of nerve cells;

* Still well represented odontoblasts
with homogeneous distribution
within the odontoblast layer and
cytoplasmic extensions, but thinner
stratification and irregular

morphology of nuclei.

Figure 1. Manual cell count calculated as the average of the 3 larger ROISs selected for each tooth of the PMI set
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Figure 2. Manual cell density measurement calculated as the average of the 3 teeth for each PMI set,
based on larger ROIs
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Figure 3. Manual cell count calculated as the average of the 3 smaller ROIs selected for each tooth of
the PMI set
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Figure 4. Manual cell density measurement calculated as the average of the 3 teeth for each PMI set,
based on smaller ROIs

Manual cell density measurement — smaller ROls (um?)

0,018

s

& o008
S 0,014
ke

g 0012
o 0,01
g

& 0008
2 0006
2

ks 0,004
o 0002
© 0
O T0 7h 12h 24h 36h 48h 72h 7d 14d

PMI

Figure 5. Automatic cell count calculated as the average of the 3 larger ROIs selected for each tooth of
the PMI set (in pixels)
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Figure 6. Automatic cell density measurement calculated as the average of the 3 teeth for each PMI set,
based on larger ROIs (in pixels)
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Figure 7. Automatic cell count calculated as the average of the 3 smaller ROIs selected for each tooth of
the PMI set (in pixels)
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Figure 8. Automatic cell density measurement calculated as the average of the 3 teeth for each PMI set,
based on smaller ROIs (in pixels)
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DISCUSSION

Estimating the PMI is one of the challenging
issues in forensic pathology especially when the
corpse is found after the first week following
death (late PMI). Teeth can be considered a
stable matrix for estimating the time elapsed
since death from early to late PMIs since they
have great resistance to external damaging factors
(such as heat, bacteria, UV light, and moisture)
[37-39], and the pulp undergoes morphological,
histological and biochemical changes after the
interruption of the blood supply {27-36}. Previous
studies were promising, but they were not able,
either to yield evidence about the timing of the
most significant post-mortem (PM) alterations of
dental pulp or to indicate definitive hypotheses
regarding the occurrence of these alterations
[40]. The tissue characteristically consists of four
main areas from the outer surface towards the
inner: a layer of specialised cells (odontoblast
layer) in close relationship with the dentine, an
acellular zone formed by fibrils of connective
tissue (Weil's basal layer), an area of high cell
density composed of differentiated and
undifferentiated cells (fibroblasts, macrophages,
lymphocytes, inflammatory cells, and young
mesenchymal cells) immersed in ECM, and
neuro-vascular complex. All these structures seem
to demonstrate different stages of degeneration
according to the anaerobic metabolism of the
various areas of dental pulp {41-42} and the effect
of enzymatic activity after death {43-441.

The absence of significant histological changes at
To (Tab. 2) was expected, and the results
confirmed that the dental pulp samples were
healthy, and the pulp extraction technique (bur
cutting with careful heating control) was
conservative and caused no alterations in the pulp
tissue.

All samples analysed 7 hours after death (Tab. 2)
showed extensive tissue degeneration,
characterised by vacuolisation of the ECM but
preservation of the other structures (vessels,
nerves, nuclear morphology). The results seem to
partially confirm the findings of Caballin et al
{30} and Bhuyan et al {35} who noted the presence
of ECM disaggregation as the main change in the
PM pulp within the first 24-72 hrs. Caballin et al
[30} attributed this phenomenon to the
detachment of the odontoblasts from the
dentinal wall. However, a different technique was
used to prepare the sample (decalcification of the
tooth and microtome cutting) and analysed the
whole tooth, consequently, it is not possible to
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regard their hypothesis as valid. Bhuyan et al {351
reported the initial, localised presence of vacuoles
in the ECM due to the release of intra-cellular
hydrolytic enzymes and the production of gases
by gram-positive anaerobic putrefying bacteria
(staphylococci and streptococci) found in the
pulp. Since no microbiological analyses was
conducted in this study, it is not possible to
confirm bacterial involvement and that the
ongoing putrefactive process contributed to the
late onset (from 24-72 hours PM) of pulp
degeneration. However, the obtained results
highlight an extensive and early occurrence
(within 7 hours of death - Tab. 2) of ECM
disaggregation which seems to be in complete
contrast with Gawande et al {31} and Carrasco et
al {361 who observed a well-preserved nature of
pulp tissue with homogeneous distribution of
ECM without vacuolization up to 24-72 hours
PM.

This significant variability in the rate and
extension of the degeneration of the ECM is
demonstrated by results obtained for all
subsequent PMIs up to 14 days PM, as shown in
Table 2, panels A-B-C. It emerged that from 7
hours to two weeks after death it is not possible
to correlate the alterations detected in the pulp
with the PMI. In fact, samples with almost intact
pulp have been observed even for up to 14 days.
This finding is consistent with the results
obtained by Karthikeyan et al {45} on 25 teeth
buried together with fragments of organic tissue
(flesh) and examined up to 12 days PM. They
reported that most samples analysed at the same
PMI showed a similar degree of rate of
degradation, but with relevant exceptions that
conflicted with the generalisation of
histomorphology results for all teeth and seasons
45} In this study, it is not possible to attribute
the variability of results to the putrefactive
process of organic tissues around teeth nor to the
different characteristics of soil, since the sample
teeth were stored outside alveolar bone at room
temperature. The study can conclude that the
variability observed does not seem to be
influenced by the sex of the subject or the type of
tooth, being homogeneously distributed between
the different PMIs as reported in Tab. 1.
Furthermore, not even the temperature variation
seemed to influence the rate and extent of the
degeneration considering that recorded
temperatures showed slight differences as the
study was carried out only in the hottest seasons
(spring and summer). In fact, the parameter that
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seemed to influence the variability of the pulp's
response to the PM degenerative phenomena
was the age of the subject and of the tooth’s
physiological age of root maturation, and
therefore of the residual dentinogenic activity.
In particular, samples 25-26-27 (Tab. 1) belonged
to the same 18 year old male subject and were all
third molars. Despite being analysed at different
PMIs (To, 12 h, and 36 h, Tab. 2 panels A and C),
they never showed signs of degeneration, as did
samples 2 and 3 (Tab. 1, Tab. 2 panels B and C)
extracted from the same 23 year old male subject
at PM 24h. Considering that third molars in
males erupt around 17-19 years and complete
maturation at 22-23 years of age, these dental
elements, although complete, were barely
mature with residual dentinogenic activity and
not yet subjected to continuous masticatory
stress. In fact, samples 2 and 3 showed sound
pulp at the same PMI as sample 1, tooth 35 in a
46 year old male subject (Table 1) who on the
contrary showed advanced signs of degeneration
of the ECM 24 hours after death (Tab. 2, panel
A). A similar observation can be made for
samples 20-21-22-24 (Tab. 1), all second
premolars from a 25 year old female subject.
These teeth usually have erupted and completed
root calcification around 12-13 in females,
therefore they have completed mineralisation at
least 10 years before this examination, with no
residual primary dentinogenic activity and under
masticatory stress and repeated insults.
Analysed at three different PMIs (7h, 12h, and
36h, Tab. 1), teeth always showed extensive signs
of degeneration (Tab. 2, panels B-C for PMI 12h
and A for PMI 36h). Hence in the examined
sample the younger the subject, the shorter the
time from root completion and the fewer the
degenerative alterations of the pulp.

In this sense, a 2015 study {41} on the
mechanism of the anaerobic glycolysis in PM
bovine dental pulp under oxygen-free conditions
applied in vitro showed that metabolic
exhaustion with added glucose occurred after
80-95 minutes of anaerobic activity, depending
on the degree of residual activity of the pulp in
the process of dentine deposition. This finding
demonstrated that the pulp could cope with the
absence of blood supply through the activation
of alternative energy mechanisms for a variable
time after death according to the maturity stage
of the tooth. Therefore, the pulp of subjects of
different ages could have different resistance to
PM degenerative phenomena, supporting the
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hypothesis that ageing and the time span since
the tooth erupted and completed mineralisation
can affect the post-mortem resistance of the
pulp and the onset and progression of pulp
degeneration after death.

On the contrary, both Bhuyan {351 and Carrasco
[36} detected increasing vacuolations of the
ECM with time {48h, 72h, 1 month, 3 months,
over 6 months}, thus suggesting that the
variability decreases as the ranges of PMIs
considered increase and therefore that
histomorphological changes of dental pulp could
be a more reliable instrument in late PMIs.

For quantitative measurement of pulp alteration
after death, Vavpoti¢ et al {32} found that the
estimated time for odontoblast’s presence, with
a 95% confidence interval, is about § days after
death with an average drop in the density of 130
odontoblasts/ square millimeter per hour at
room temperature. That study is quite different
compared to the present research, since
Vavpotic¢ et al considered PMIs limited to 5 days
after death and the technique required a lengthy
preparation of samples with decalcification of
tooth, that could have affected results. A faster
and simpler technique has been developed here,
but both manual and automatic software
counting, despite the use of two different units
of measurement (um? and pixels), revealed that
the density of cells in such a narrow PMI (up to
14 days after death) is not significant (Fig.
2-4-6-8). In the manual measurement of larger
ROIs this study obtained a wave-like pattern
with density peaks equal to 0.004-0.005 pm? for
To, 12h and 36 h PM and a slight constant
decrease in density from 72h to 14 days PM
(0.003-0.004 pm?) with a very low peak at 48h
after death (0.001-0.002 pm?). On the contrary,
for the measurement of smaller ROIs, the minor
peak at 48h is confirmed (0.006-0.008 pm? but
from 72h to 14 days after death there is even an
increase in density (from 0.01-0.012 pm? to
0.016-0.018 pm?) with a recorded density even
greater at 14 days PM compared to To
(0.012-0.014 pm?). The density measurement
with software also showed great variability
between the two ROIs, highlighting for larger
ROIs a higher density at 14 days PM (0.02
pixels) compared to To (0.014 pixels); while for
smaller ROIs, a density of o0.09 pixels at To,
with a peak at 72h PM (0.035-0.04 pixels) and a
significant decrease at 14 days after death (0.015
pixels) still greater than the value recorded at To.
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These results are partially consistent with those
of Carrasco et al {36} who reported the presence
of nuclei of all the different cell types of dental
pulp up to 6 months, but they revealed a
progressive decrease in cell density between 24
hours, 1 month, 3 months and 6 months after
death.

The progression of the research is ongoing from
the present findings and quite interesting
previous reports about the onset and time
progression of DNA alteration in dental pulp
after death {24}. Caviedes-Bucheli et al {43}
demonstrated that in dental pulp, cell activity
and DNA expression of lactate-dehydrogenase
(LDH) decrease progressively from 89, to 68, up
to 41% measured 6, 12, and 24 hours PM,
respectively. Boy et al {44} demonstrated that
DNA denaturation in dental pulp is continuous
for about 72 hours after death and then
undergoes minimal progression of degradation by
144 hours, thereby suggesting the usefulness of
dental DNA for estimating late rather than early
PMIs. This study’s results, Tab. 2 - PMI To, 7 d,
and 14 d, demonstrated the presence and activity
of odontolblasts after death, suggesting their
application in late PMIs (beyond the 2 weeks
after death).

Hence late PMIs are under investigation by using
easy, quick, and inexpensive histological methods
that apply specific colouration for DNA integrity
(e.g. Feulgen stain).

The research is limited to two weeks after death
to observe the alterations and presence of pulp
characteristics in an intermediate PMI. Further
studies are already ongoing to extend the PM
window of analyses, given the significance of the
results obtained.

One of the main limits is the method of
extraction and fixation of the pulp, that is an
easier and faster method compared to those
requiring the tooth decalcification, but can cause
an overlap of layers and do not allow a
topographic definition of the structures.
Moreover, the superposition of nuclei images
does not allow repeatable and reliable nuclei
counting either manually or via software. Further
research will aim at verifying whether the pulp
preparation technique with decalcification and
cutting is more reliable for standardising the
quantitative analysis method on cell density:.
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CONCLUSION

A pilot study was carried out to analyse the
histomorphological changes of 27 PM dental
pulps as a possible tool for estimating the PMI
up to 14 days after death (intermediate PMI for
which the estimate remains complex).

The study demonstrated that dental pulp
degeneration appears 7 hours after death, but
qualitative histological changes in PM dental
pulp are endowed with high variability so it is
not possible to generalise the results for early
PMIs. ECM, cells, vessels, and fibres are still
present 14 days after death even if they show
different and uneven degenerative stages. No
patterns of degenerative alterations of cells,
fibres or nuclei emerged that correlated to
different PMIs.

The ageing of the subject and the time span
since the tooth erupted and completed
mineralisation can affect the post-mortem
resistance of the pulp and the onset and
progression of pulp degeneration after death.
The quantitative measurements of cell density
were not reliable because the cell counts were
not standardisable, neither manually nor
automatically, due to overlapping layers and
nuclei fragmentation. Nevertheless, the
presence and activity of odontoblast cells up to
2 weeks after death suggested their application
to the study of late PMIs.

Future research should focus on a wider sample
analysed at late PMIs (more than 2 weeks after
death) and both with pulp extraction-fixation
technique and tooth decalcification-cutting
method to compare results.
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